Natural environment imposes many challenges to animals, which have to use cognitive abilities to cope with and exploit it to enhance their fitness. Since zebrafish is a well-established model for cognitive studies and highthroughput screening for drugs and diseases that affect cognition, we tested their ability for ambient color preference and 3D objects discrimination to establish a protocol for memory evaluation. For the color preference test, zebrafish were observed in a multiple-chamber tank with different environmental color options. Zebrafish showed preference for blue and green, and avoided yellow and red. For the 3D objects discrimination, zebrafish were allowed to explore two equal objects and then observed in a one-trial test in which a new color, size, or shape of the object was presented. Zebrafish showed discrimination for color, shape, and color + shape combined, but not size. These results imply that zebrafish seem to use some categorical system to discriminate items, and distracters affect their ability for discrimination. The type of variables available (color and shape) may favor zebrafish objects perception and facilitate discrimination processing. We suggest that this easy and simple memory test could serve as a useful screening tool for cognitive dysfunction and neurotoxicological studies.
Introduction
C olor and shape perception allows the animal's visual environment discrimination and brings advantages for feeding, defense, life in groups, migration, and mate choice. 1, 2 In fact, fishes are able to see color from blue to infrared 3 and can discriminate a variety of geometrical forms. 4 The advantage of visual cues recognition is the straight signal source, while olfactory and auditory signals show scattered routes of dispersion. 5 Color perception and/or preference directly affect fish learning, 6,7 memory formation, 8 and decision-making. 9 Many studies show ambient color and hint color influence on fish navigation, 1,10 spatial location, 4, 11 and welfare. [12] [13] [14] However, studies approaching the fish's ability to discriminate different colors and shapes are still lacking and may indicate an animal's cognitive faculty, plus allowing neural throughput screening studies, such as neurological diseases or neural disabilities caused by drugs. 15, 16 Memory formation is an important feature for animals living in a stable environment, in which remembering items, places, and routes from experience bring advantages for the animal's fitness. 17 The zebrafish has been successfully used to study memory in many different paradigms, such as aversive experiences, 18, 19 appetitive stimulus, 20,21 spatial memory formation, 7, 10, 22, 23 and appetitive choice discrimination. 24 The studies on appetitive reinforcement use multiple exposure to the stimulus to ensure memory consolidation, while those on aversive reinforce use a single aversive stimulus, shown to promote memory formation due to the increased emotional response (fear, anxiety) and the highly adaptive characteristic of avoiding a deleterious event. 25 However, we propose to investigate memory using a paradigm of a single exposure to a neutral stimulus, to avoid appetitive or aversive emotional response and test a type of memory that is much more vulnerable than that from multiple events. 19, 26 Thus, we have chosen to use a one-trial recognition test to address fish's cognition in this study.
Among the fish species studied in cognitive research, zebrafish Danio rerio has gained increasing popularity in behavioral brain research due to its practical simplicity and elaborated brain structure 27, 28 and neurochemistry 29 that offers translational relevance to humans. 30 In addition, the zebrafish shares many molecular pathways, genes, and protein products with mammals, [31] [32] [33] [34] [35] [36] [37] [38] [39] which makes it an ideal model organism for embryology, development, and disease studies. 7 A large number of genetic tools have been produced for the zebrafish and genetic knowledge has been accumulated. These materials have been successfully used for the examination of brain function and the development of brain diseases, and the zebrafish has been accepted as one of the best research animals for high-throughput screening in many areas of study. In the past decade, many studies approached the genetics of behavior and brain function of the zebrafish, but only a few attempted to study memory processes based on visual signals. The zebrafish visual system comprehend retinas with cones sensible to red, green, blue, and ultraviolet 40 and they are diurnal animals, hence an ideal model to developing research on cognitive response based on visual signals. 41 Therefore, we aimed to (1) determine zebrafish environmental color preference, (2) investigate the fish ability to distinguish objects in one-trial memory test, and (3) test fish discrimination for color, size, and shape.
Materials and Methods

Subjects and holding conditions
The present study used adult zebrafish (D. rerio) of both sexes, obtained from a local fish farm (Natal, Brazil) and kept in storage tanks (50 · 40 · 30 cm, 50 L, one fish/L) with aerated and filtered water in the Laboratory of Fish (Department of Physiology UFRN, Natal, Brazil). Four 50-L tanks formed a stock unit in a closed recirculation system with mechanical, biological, and chemical filtration and UV disinfection, which maintained water at 28°C -1°C, pH 7.2, and low levels of ammonia and nitrite. Water was changed in 30% every 10 days to ensure quality. Illumination was set on a 12-h light/12-h dark cycle and light intensity was around 250 -30 lx.
Fish used for the tests were 9 months old (3.53 -0.05 cm and 0.55 -0.08 g). They were brought from the fish farm at the age of 75 days and kept under the conditions described above for 6-7 months. During this period, the animals were fed once a day in excess with a commercial diet (60% protein and 15% fat until the age of 6 months and 38% protein and 4% fat after 6 months; Nutricom Pet). All animal procedures were performed with the permission of the Ethics Committee for Animal Use of the Universidade Federal do Rio Grande do Norte (CEUA 010/2013).
Color preference
For the color preference test, six 50-cm-diameter transparent plastic tanks were divided into four lateral compartments of similar size with a 7-cm hole in the central region to allow the fish to move between compartments (Fig. 1a ). The water depth was 10 cm. The laboratory was illuminated with fluorescent tubes set at the 12-h light/12-h dark cycle. Different environmental colors were randomly chosen for each compartment by covering the chosen compartment with a gelatin filter (LeeFilters; blue-k max 435 nm, green-k max 494 nm, yellow-k max 546 nm, red-k max 610 nm). Light intensity was set around 60 lx for each compartment by adding layers of the same gelatin filter; the number of gelatin layers had no effect on the wavelengths mentioned above. From the six tanks used, each one showed a different order of compartment colors that were chosen in random.
Color preference was observed individually (1 fish/tank) for a period of 5 days (n = 12). Each fish was introduced in the experimental tank 1 day before observations started for acclimation to the apparatus set. Twenty-four hours after fish introduction into the tank, the observation period started. On the first testing day, fish were observed without colors on the compartments. At the end of the first day, after the lights in the room were turned off, the gelatin filters were placed on the top and around the tanks. When the lights were turned on the day after, color compartments were available for the fish. On the second, third, and fourth testing days (compartments set with different colors), fish were observed for color preference. On the fourth day, after the lights turned off, the gelatin filters were removed from the top and lateral of the tanks. On the fifth day, fish were observed again without colors on the compartments. During the first and fifth days, fish visit frequency in each compartment was observed to check possible preference between noncolored compartments. Visiting frequency was observed throughout the five days and data were collected every 2 min for a 20-min period at 08:00, 11:00, 14:00, and 17:00 h, making a total of The upper view of the experimental tanks used for the objects discrimination test on the memorization day (both objects show same characteristics) and discrimination day (a different shape object replaced one of the two objects; i.e., objects shape discrimination group), respectively. ZEBRAFISH COLOR, SIZE, AND SHAPE PERCEPTION 167 40 observations per day. Food was not offered during the experimental days to prevent the fish from choosing one specific compartment due to a driving force/stimulus other than light color. A starvation period of five days is not long enough to affect fish survival or well-being. 42 Since we had six tanks for the preference test, the experiment was done twice to achieve n = 12. The whole test lasted 10 subsequent days. For statistical analysis, the nonparametric procedure of Friedman ANOVA was used for multiple group analyses of visit frequency. The Friedman test was used because fish preference for one compartment instead of the others provides dependent data. In cases where the Friedman test was significant (a < 0.05), the nonparametric Dunn's post hoc test was used to determine significant differences among compartments.
Objects discrimination
For the objects discrimination test, 48 zebrafish from the stock population were separated into four groups (n = 12 in each group): (1) objects color discrimination, (2) objects size discrimination, (3) objects shape discrimination, and (4) objects shape + color discrimination. Each group underwent three experimental phases: acclimation in the aquaria (5 days), objects memorization (1 day) and objects discrimination (1 day). For these 7 days, fish were kept isolated in 1-L (10 · 10 · 10 cm) glass tanks (home tank), with visual contact between them to avoid social isolation stress. During this period, 30% of water was changed every other day using system water. The experimental phases (acclimation, memorization, and discrimination) occurred in 15-L glass tanks (40 · 20 · 25 cm) with all walls covered with white paper to avoid external interferences (Fig. 1) .
The acclimation phase lasted 5 days. Each fish was individually introduced in the tank for 15 min per day, without objects. It was done to make fish familiar with the experimental arena. After the 15-min period, each fish was removed to its home tank.
The objects memorization phase occurred on the sixth day, following the acclimation phase. Two identical objects were introduced in the tank, each one positioned next to each smaller wall, thus the two objects (named A and B) were around 34 cm away from one another ( Fig. 1c ). Each fish was introduced in the tank for 30 min to explore the objects. After the first 5 min, fish behavior was recorded from above during 3 intervals of 5 min using a handycam (Sony Digital Video Camera Recorder; DCR-SX45). Between the 5-min records, a period of 5 min was left until a total of 30 min was completed. Thus, each fish was recorded for 15 min (5 + 5 + 5 min), according to the methodology proposed by Callaghan et al. 43 After this period, fish returned to its home tank.
On the next day (seventh), fish were submitted to the objects discrimination phase. For that, one out of the two objects used in the memorization phase was changed for a new object ( Table 1) . Object B was replaced for object C, differing in color, size, shape, or color and shape, depending on the group (see Materials and Methods section). For the objects color discrimination group, a new object with different color but the same size and shape was used. For the objects size discrimination group, the new object was twice the size of the former but of the same color and shape. For the objects shape discrimination, the new object had a different shape but same color and size. Moreover, for the objects color + shape, the new one was different in shape and color; for example, instead of two 3D blue squares, it was offered 1 blue square and 1 red triangle (Table 1 ; Fig. 1d ). Fish were left with the new objects for 30 min and the behavior was recorded in 5-min intervals, as on the sixth day (memorization phase).
The procedure used describes a one-trial memory test because it does not allow the learning of a pattern (more than one trial for association). Instead of repeated exposure to a condition, the fish memorization phase occurred only once and fish recognition of the new object was based on the spontaneous exploratory behavior of the objects.
All recorded data were analyzed using the software Any-MazeÔ Video Tracking System. The time spent was registered around each object to estimate objects exploration. The exploration area was established by increasing once the size of the object area; thus, we considered exploration when the fish were up to 3 cm far from each side of the object. The total exploring area, including the object (placed in the middle of the area), was 54 cm 2 , on each side of the tank (6.75% of the total area). The time the fish spent in the exploration area of each object was statistically compared using paired Student's t test, since all data passed the normality and equal variance tests. In all cases, p < 0.05 was used as a reference value.
Results
Color preference
During the first observation day of the experiment (compartments without colors), zebrafish showed equal distribution among the compartments (Friedman ANOVA, X12 = 4.42, p = 0.22); fish visited all the compartments similarly. When the colored gelatin filters were placed over the compartments (days 2, 3, and 4), the average visit frequency in the blue and green compartments was significantly higher than in the yellow and red compartments (Friedman ANOVA day 2: X12 = 34.5, p < 0.001; day 3: X12 = 26.7, p < 0.001; day 4: X12 = 43.0, p < 0.001; Fig. 2 ). On the fifth day (colored gelatin filters were removed the previous evening), the fish showed preference for the previously blue and green compartments (Friedman ANOVA: X12 = 11.49, p = 0.003; Fig. 2d ). Objects size discrimination vs. vs.
Objects shape discrimination vs. vs.
Objects shape + color discrimination vs. vs.
Three-dimensional stimuli used for objects discrimination test. All objects share similar volumes (except the bigger cube used on the size discrimination group). Cube: side = 2.7 cm, height = 2.7 cm; cylinder: diameter = 3.0 cm, height = 2.8 cm; triangle: side = 3.5 cm, height = 3.0 cm.
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Objects discrimination
During the objects memorization phase (sixth day), neither group showed statistical differences between objects A and B exploration time (Student's t test: objects color discrimination group: t = -1.68, p = 0.12; objects size discrimination group: t = 1.59, p = 0.14; objects shape discrimination group: t = 1.06, p = 0.31; and objects color + shape discrimination group: t = 1.18, p = 0.26; Fig. 3 ).
The objects color discrimination group showed similar exploration of the object A between the memorization and discrimination phases (sixth vs. seventh day; Student's t test: t = -1.05, p = 0.32). However, there were differences in exploration time between object B at sixth day and object C at seventh day (Student's t test: t = -2.69, p = 0.02) and this group spent significantly more time exploring object C than A in the discrimination phase (seventh day; Student's t test: t = -3.59, p = 0.004; Fig. 3a ).
For the objects size discrimination group, there were no differences in exploration between objects A from the memorization and discrimination phases (sixth vs. seventh day; Student's t test: t = 1.14, p = 0.28). This group showed similar exploration of object B in the memorization phase and object C in the discrimination phase (Student's t test: t = -2.05, p = 0.06) and also similar exploration of the objects (A vs. C) in the discrimination phase (Student's t test: t = -1.16, p = 0.27; Fig. 3b ).
The objects shape discrimination group showed similar exploration of object A during the sixth and seventh day (Student's t test: t = 1.49, p = 0.16). However, fish showed high exploration of object C on the seventh day than object B on the sixth day (Student's t test: t = -3.52, p = 0.004). This group also showed significant higher exploration of object C than A in the discrimination phase (Student's t test: t = -2.96, p = 0.01; Fig. 3c ).
For the objects color + shape discrimination group, there were no differences between object A exploration in the memorization and discrimination phases (Student's t test: t = 0.07, p = 0.95). Fish showed similar exploration of objects A and C in the discrimination phase (Student's t test: t = -1.90, p = 0.07), but fish spent more time near object C on the seventh day than near object B on the sixth day (Student's t test: t = -3.65, p = 0.004; Fig. 3d ).
Discussion
Our results corroborate that zebrafish show blue/green color preference 6, 9 and also indicate that zebrafish can discriminate 3D objects based on color and shape, but not size. In an experimental series, zebrafish were tested for ambient color preference as well as stimuli discrimination (3D objects color, size, and shape). This type of cognitive skill is best known for mammals and birds, but was recently shown in fish when food reward is associated. 1, 5, 10, 11, 44, 45 Our study does not use food reinforcement or test memory based on an event repetition. Meanwhile, we present a rapid and effective memory protocol in a unique trial memory test. Memory from a single episode that does not include an emotional response (pleasure or fear/anxiety) is much more vulnerable than that based on repetition, 20, 25 and thus more representative for studies of amnesic syndromes.
The first part of our study approached the zebrafish color preference in a multiple-choice tank. Other studies have already reported the presence of four cone types in zebrafish retina: red (570 nm), green (480 nm), blue (415 nm), and ultraviolet (362 nm). 40, [46] [47] [48] This type of retina composition allows for color vision, and our data confirm zebrafish behavioral responsiveness to colors. The color preference is mainly related to the ambient where fish achieve visual comfort. 13, 42, 49 According to Munz 50 and Loew and Lythgoe, 51 the   FIG. 2 . Preference of zebrafish for blue, green, yellow, and red ambient (n = 12). Bars represent the mean visit frequency -SD in each compartment of the tank. On the second (a), third (b), and fourth (c) day, compartments were covered with gelatin filters: blue (435 nm), green (494 nm), yellow (546 nm), and red (610 nm). On the fifth day (d), the tank was not covered with gelatin colors. Each day, fish was observed at 8:00, 11:00, 14:00, and 17:00 h, 20 min each period. Statistical difference between fish visit frequency in each compartment is indicated by different letters (Friedman ANOVA, p < 0.05).
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vision sensitivity is adjusted to the spectral quality of the ambient light where a population evolved. These authors suggest that the natural ambient light spectrum enables fish to catch the greatest number of photons available and enhance vision to permit better detection of predators and preys. Thus, zebrafish visual pigments may better match the wavelengths present in the blue/green environment, which could have driven the fish preference for these light colors.
During the ambient color preference test, zebrafish explored all compartments and showed preference for blue and green areas. We also observed that fish seemed to avoid the yellow and red environment, as the visit frequency to these compartments was very low. For zebrafish, the longest pigment wavelength absorbance is 570 nm, 40,46-48 so the yellow and red environments in which light wavelength was around 546 and 610 nm, respectively, may restrict vision, as photons are not well captured by the cones. The blue and green environment may have offered visual comfort in a way that on the fifth preference day (without colors), zebrafish showed conditioned preference for the areas kept in blue and green. It seems that the fish was motivated to visit areas previously kept in blue and green due to its experience on days 2, 3, and 4. This behavior may indicate that zebrafish recognized the place and revisited it expecting to find the blue/green environmental colors, which characterizes conditioned prefer-ence according to Tzschentke. 52 As an inhabitant of streams, canals, ditches, and shallow ponds, zebrafish feeds on insects, crustaceans, algae, and detritus 53 and may not need specialized visual sensitivity for foraging on these items. Shallow water bodies allow mainly short wavelength light penetration 54 and the presence of short cones improves visibility in its natural environment, which may have driven zebrafish increased exploration of the blue and green ambient (Fig. 2) .
Although the color preference result is not new (zebrafish color preference was already shown 6, 9, 12 ), it reinforces zebrafish color exploration. In addition, testing color preference was important to properly establish the protocol for the objects discrimination test, since we could avoid offering cues that could attract the fish due to some preference for a specific color. Thus, the color preference test supported our choice for the objects used in the discrimination test. In nature, exploration is a key animal behavior in response to the environment and its novelties, [55] [56] [57] and we used the knowledge from the color preference test to ensure that the fish would be attracted by the novelty, but not the color. Zebrafish is naturally an exploring animal and new features of the ambient are investigated to obtain information of potential sources of food, mate, and shelter. 58, 59 In our study on objects discrimination, two equal objects were first presented (A and B) and fish explored them in a similar manner (memorization FIG. 3. Zebrafish objects discrimination in a one-trial memory test: day 1 was memorization phase and day 2 was discrimination test. Three different treatments were performed: (a) objects changing only in color, but not size and shape (color discrimination, n = 12), (b) objects changing in size, but not color and shape (size discrimination, n = 12), (c) objects changing in shape, but not color and size (shape discrimination, n = 12), and (d) objects changing in color and shape, but not size (color + shape discrimination = 12). After 5 acclimation days, on day 6, equal objects A and B were introduced for memorization. On day 7, object A was the same seen before and object B was changed for C, differing in the aspects cited above. Bars represent the percentage of time spent around each object. Each day, fish was observed for 15 min after being introduced in the tank with the objects. Statistical difference between fish objects exploration is indicated by * (Student's t test, p < 0.05) or ** (Student's t test, p < 0.01).
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phase, Fig. 3 ). However, when a known object was replaced by a new one, fish increased exploration of the new color, new shape, and new color + shape objects, but not the new size object (Fig. 3) . The natural and spontaneous preference for the novelty was already studied in several different ways for rodents and primates. 26, [60] [61] [62] [63] [64] In our test, fish could show the same tendency for choosing the new, in which important points were taken into account; fish had to show mnemonic feature for the objects instead of the ambient, and discrimination was based on the time spent checking each object instead of first choice. Moreover, although we did not estimate fish physical interaction with the objects, we noticed that fish used to bite the new object during the first exploration sections of the color and shape discrimination tests.
The new color object may have been recognized as a novelty due to the zebrafish improved color vision. [65] [66] [67] As presented above, these fish show morphological and physiological substrate for color perception 3, 40, [46] [47] [48] 67 and, thus, they mostly use this ability for the ambient exploration. However, not only color was an important cue for objects discrimination but also shape (Fig. 3a, c) . It is known that food and shelter identification and heterospecific and predator recognition are all based on visual discrimination. According to Ennaceur and Delacour, 26 this mnemonic capacity can be considered a pure working memory. The zebrafish discrimination showed here may be a useful tool for pharmacological and neurological studies on memory.
We did not observe zebrafish objects discrimination based on size. It seems that fish cannot accurately discriminate a continuous variable when a variation is not notable. As stated by Agrillo et al. 68 fish discriminates discrete and continuous variables, such as volume, brightness, and movement, yet discrete variables are more difficult to realize than continuous. In agreement to this, our study showed that objects twice bigger, but same color and shape, were not distinguished as a novel item. In addition, the study by Schluessel et al. 45 suggests that object and figure discrimination is based on categorization. These authors propose that an animal creates discrete mental units for items in the ambient and treats some equivalent and others different. In accordance to this idea, zebrafish may have included objects that shared color and shape in the same category, thus not distinguishing smaller differences in size.
On the other hand, it seems that salient stimuli as color or shape are easier to notice, and multiple cues may not improve the object discrimination (color + shape, Fig. 3d ), but hamper it. According to Wilkie, 69 Fitzgeorge et al., 70 Buckolz et al., 71 the inclusion of an extra cue of different category may have acted as a distracter, and thus, fish was forced to perform conjunctive search, 72 in which accuracy is lower due to the need of increased time to compare items of each category. Evidence suggests that animals exposed to a to-beremembered stimulus hold it in memory and respond faster during a probe when no other stimuli are present. 69, 73 However, an apparently contradictory result was reported by Ohnishi, 44 which showed that goldfish quickly learns to find food when the cues include color and shape variation, but learning performance decreased when the cue varied in only color or only shape. In fact, food is a vital item to be distinguished and also plays a reward role. When memory for the environmental item feature is tested in a single-trial experi-ment (without a reward), it seems that multiple variables do not favor discrimination (Fig. 3) . Our results suggest that for the one-trial memory test, the more the variables available, the harder the distinction. However, long period experience may favor learning of multiple features, and deserves more investigation for extensive understanding.
The ability to distinguish items in the environment in an organized form is useful for animal behavior such as solving problems, communicating in groups, and obtaining information. [74] [75] [76] Although the cognitive mechanisms differ, this skill was observed in many mammals, [77] [78] [79] birds, 80, 81 and lizards. 82 Since we showed a similar ability in fish, this phylogenetically old skill may indicate a base predating the divergence of the main vertebrate classes.
In summary, our data show that zebrafish uses cognitive abilities to discriminate and categorize environmental items to better evaluate the ambient, while vision is a key feature in exploring the ambient elements. Most importantly, the data indicate similarities between zebrafish and mammal cognitive behavior. As the characterization of the molecular machinery underlying memory and learning needs consistent behavioral paradigms, we suggest the present one-trial memory test for future studies on neurodegenerative diseases or neurotoxic drugs that affect memory and perception. This study ultimately contributes to improve our current knowledge on the zebrafish behavioral repertory, which has been widely investigated for learning and memory mechanisms.
